Eosinophilic esophagitis (EoE) is an allergic inflammatory disorder of the esophagus that is compounded by genetic predisposition and hypersensitivity to environmental antigens. Using high-density oligonucleotide expression chips, a disease-specific esophageal transcript signature was identified and was shown to be largely reversible with therapy. In an effort to expand the molecular signature of EoE, we performed RNA sequencing on esophageal biopsies from healthy controls and patients with active EoE and identified a total of 1607 significantly dysregulated transcripts (1096 upregulated, 511 downregulated). When clustered by raw expression levels, an abundance of immune cell-specific transcripts are highly induced in EoE but expressed at low (or undetectable) levels in healthy controls. Moreover, 66% of the gene signature identified by RNA sequencing was previously unrecognized in the EoE transcript signature by microarray-based expression profiling and included several long non-coding RNAs (lncRNA), an emerging class of transcriptional regulators. The lncRNA BRAF-activated non-protein coding RNA (BANCR) was upregulated in EoE and induced in interleukin-13 (IL-13)-treated primary esophageal epithelial cells. Repression of BANCR significantly altered the expression of IL-13-induced proinflammatory genes. Together, these data comprise new potential biomarkers of EoE and demonstrate a novel role for lncRNAs in EoE and IL-13-associated responses.
INTRODUCTION
Eosinophilic esophagitis (EoE) is a complex food hypersensitivity disorder with an underlying genetic basis that is characterized by intense allergic inflammation within the esophageal mucosa. 1 The symptomology of EoE can progress from feeding difficulties and vomiting to dysphagia and food impactions, underscoring the chronicity of the disease. 2, 3 Moreover, as the prevalence of EoE is increasing on a global scale, with current estimates at 4 in 10 000, 4 further investigation into molecular markers that will facilitate disease diagnosis and treatment is warranted.
EoE presents a unique opportunity to probe markers of allergic inflammation as tissue biopsies acquired during standard-of-care endoscopy can be used for genome-wide analyses. The first detailed molecular analysis of the pathogenic mechanisms in EoE assessed esophageal expression profiles from patient biopsies using probebased microarrays. An EoE-specific esophageal transcript signature that was highly conserved across patient age, sex and atopic history differentiated EoE patients from control individuals, as well as non-EoE individuals with chronic esophagitis. 5 In particular, 574 transcripts (344 upregulated, 230 downregulated) were differentially regulated in EoE patients compared with healthy controls. 5 Many of these dysregulated transcripts affected epithelial cell function or immune cell activation, with the transcript exhibiting the greatest change (53-fold) being chemokine (C-C motif) ligand 26 (CCL26), which encodes the eosinophil chemoattractant eotaxin 3. 5 Subsequent work demonstrated that the majority of the gene signature in EoE normalized after steroid-induced disease remission. 6 Moreover, a large percentage of the EoE transcript signature (22%) could be induced by interleukin-13 (IL-13) treatment of primary esophageal epithelial cells in vitro, with CCL26 being the most upregulated gene (279-fold). 6 High-throughput whole-transcriptome (RNA) sequencing offers greater transcriptional resolution compared with traditional probe-based microarrays, as it generates expression profiles that are not reliant upon known transcripts and has greater dynamic range for detection of low-abundance transcripts. 7 In the present study, we utilized RNA sequencing to expand and better define the molecular entities involved in the transcriptional programming of EoE. We observed EoE-specific upregulation of the long non-coding RNA (lncRNA) BRAF-activated non-coding RNA (BANCR), which was recapitulated by IL-13 treatment of primary esophageal epithelial cells. Notably, shRNA silencing of BANCR resulted in the altered expression of other IL-13-regulated proinflammatory genes. These data expand the previously defined EoE transcriptome to a wider transcript set, enriched in genes functionally involved in immunity, atopy and eosinophilia, highlight the ability of RNA sequencing to uncover novel molecular signatures associated with human inflammatory disease and implicate IL-13 as a novel regulator of lncRNA expression.
RESULTS

Comparing disease expression profiles from RNA sequencing and microarray
To obtain an unbiased picture of the transcriptional changes associated with EoE, we used RNA sequencing and analyzed raw gene expression levels to identify differential transcript signatures in esophageal specimens from patients with active EoE compared with from healthy (NL) controls. We identified a total of 1607 transcripts that were dysregulated in EoE (Po0.05, fold change 42.0; Figures 1a and b). Of these, 1096 genes were upregulated and 511 were downregulated compared with controls. The EoEdysregulated genes were clustered by their raw expression values in the control samples: upregulated genes that were expressed at high (cluster 1, n ¼ 392), medium (cluster 2, n ¼ 326) or low (cluster 3, n ¼ 378) levels in controls and downregulated genes that were expressed at high (cluster 4, n ¼ 182), medium (cluster 5, n ¼ 155) and low (cluster 6, n ¼ 174) levels in controls. Many of the most highly dysregulated genes (for example, CCL26, ALOX15, CRISP3) were previously identified as part of the EoE transcriptome and fell within cluster 3 (Figures 1a and b ). 5 We validated the change in expression of eight representative genes in the same samples by quantitative PCR (qPCR): ALOX15, CCL26, CLC and CPA3 were significantly increased ( Figure 1c ), whereas SPINK7, SPRR2D, SPRR2B and S100A6 were significantly decreased in EoE (Figure 1d Focusing on the induced genes as potential immunomodulators or immune cell-specific genes within the inflamed esophageal microenvironment, we performed gene enrichment analysis on clusters 1-3 ( Figure 1e ). Although broad immunological processes were shared across all three clusters, such as immune response (GO:0006955) and immune effector process (GO: 0002252), which were the two most significantly associated biological processes, certain cell-specific functions fell within unique expression clusters. For instance, cluster 1 contained highly expressed genes regulating major histocompatibility complex peptide binding and antigen recognition, whereas cluster 3 contained low-expressed genes involved in immune cell (lymphocytes, mast cells and eosinophils) activation and migration.
We next compared the differential gene signature from RNA sequencing with that identified in a separate cohort of patients by standard microarray. Updated microarray analyses identified a total of 870 dysregulated transcripts in EoE (compared with 574 transcripts as previously reported 5 ) with 374 and 496 being upregulated and downregulated, respectively, compared with controls. To compare the differentially expressed gene signatures from the RNA sequencing and microarray analyses, we intersected Entrez gene IDs from both datasets and found a substantial overlap (n ¼ 284) in the upregulated genes common to both datasets; notably, this overlap corresponded to 76% and 27% of the total number of upregulated genes identified by microarray and RNA sequencing, respectively (Figure 2a ). Comparing the relative fold changes of these 284 upregulated genes between platforms demonstrated a significant correlation (Spearman r ¼ 0.66, Po10 À 4 ; Figure 2b ). Similarly, a substantial overlap in downregulated transcripts was observed, with 236 genes common to both the microarray and RNA sequencing profiles. Interestingly, this overlap represented only 48% of both the total downregulated genes from the microarray profile and those from the RNA sequencing profile ( Figure 2c ). The relative fold changes of the shared downregulated transcripts displayed a significant correlation (Spearman r ¼ 0.48, Po10 À 4 ) between the microarray and RNA sequencing datasets ( Figure 2d ).
Novel EoE transcriptome genes from RNA sequencing RNA sequencing identified 1028 genes (770 upregulated, 258 downregulated) that were previously unrecognized as part of the EoE transcriptome ( Figure 3a) . Notably, the expression of the majority of these genes was modestly changed with an absolute fold change of 2.4 (2.2-2.9) (median (interquartile range)), highlighting the ability of RNA sequencing to identify subtle changes (fold change B2) in the expression of genes that are potentially relevant in disease pathogenesis. However, the expression of a few genes was dramatically altered in EoE, including 42 transcripts with greater than five-fold change (median absolute fold change (interquartile range) ¼ 7.0 (5.7-10.0); Figure 3b ). The most highly induced gene unique to the RNA sequencing profile was solute carrier family 9, subfamily A, member 3 (SLC9A3), which was induced 33-fold in EoE. SLC9A3 encodes the sodium-hydrogen exchanger family member 3 (NHE3), and although its function in the esophageal mucosa remains unknown, functional studies in the intestine have shown that NHE3 regulates epithelial absorption of NaCl and HCO 3 À . 8 Expression of chemokine (C-C motif) ligand 24 (CCL24), which encodes the eotaxin family member eotaxin 2, was also identified as being upregulated greater than 15-fold. Notably, qPCR analysis demonstrated that SLC9A3 and CCL24 were significantly upregulated in a separate cohort of EoE patients but not in patients with gastroesophageal reflux disease (GERD) when compared with healthy controls, indicating disease-specific dysregulation (Figure 3c ). The most highly downregulated gene unique to the RNA sequencing profile was family with sequence similarity 25, member A (FAM25A), an uncharacterized gene that was repressed 50-fold in EoE.
Role of lncRNAs in EoE
In an effort to find novel disease biomarkers for EoE, we explored the RNA sequencing profile in EoE for uncharacterized transcripts exhibiting dysregulation. We focused on lncRNAs, an emerging class of non-coding RNA species that have been shown to significantly alter gene expression under both homeostatic and disease states. 9 We observed a significant upregulation of the lncRNA termed BANCR, 10 which was induced 3.7-fold in EoE compared with in NL controls by RNA sequencing (Figure 4a ) and specifically upregulated in EoE but not GERD (Figure 3c ). To further characterize BANCR expression in EoE, we probed the entire RNA sequencing profile in EoE for transcripts exhibiting similar expression profiles to that of BANCR. Although the overall expression of BANCR was low in EoE (FPKM median (interquartile range) ¼ 3.4 (0.1-26)), the expression of 36 transcripts was highly correlated with BANCR levels (Spearman r40.90), with the genes encoding arachidonate 15-lipoxygenase (ALOX15) and periostin (POSTN) being the most correlated with BANCR expression in patients with EoE (Figure 4a , lower panel). We subsequently validated BANCR overexpression by qPCR in a large cohort of NL controls (n ¼ 23) and patients with active EoE (n ¼ 34; Figure 4b ). In four of the 23 NL controls, BANCR failed to amplify, demonstrating that the low abundance observed in the RNA sequencing data was also observed in the NL control group. In samples with detectable expression, BANCR was significantly induced in EoE (Po10 À 4 , fold change ¼ 43.5). Interestingly, BANCR expression showed a significant correlation with esophageal eosinophil levels (Spearman r ¼ 0.48, P ¼ 0.01; Figure 4c ) in EoE patients and was highly correlated with the expression of IL13 in both NL controls and EoE patients (Spearman r ¼ 0.77, Po10 À 4 ; Figure 4d ).
Given the inducible nature of BANCR and its correlation with both relevant transcriptional (for example, ALOX15, POSTN) and biological (eosinophil levels) markers of EoE, we hypothesized that IL-13, a critical cytokine capable of inducing a large proportion of the EoE transcriptome, 6 may be responsible for triggering BANCR expression in esophageal epithelial cells. Indeed, primary esophageal epithelial cells stimulated with IL-13 showed 288-fold and 66-fold increases in BANCR expression at 24 and 48 h post treatment, respectively, compared with unstimulated cells (0 h; Figure 5a ). In order to address the potential biological significance of BANCR in EoE pathogenesis, we used shRNA to block the IL-13-mediated induction of BANCR in an esophageal epithelial cell line. BANCR induction was blocked by approximately 76% in BANCR shRNA-treated cells compared with cells treated with a non-silencing control (NSC) shRNA (Po0.05; Figure 5b ). Microarray analyses identified 40 transcripts that showed differential expression between BANCR and NSC shRNA-treated cells after IL-13 stimulation (Po0.05, fold change 41.5; Figure 5c ). Here, interferon-induced protein 44-like (IFI44L) was induced 2.4-fold in IL-13-treated BANCR-deficient cells; in contrast, caspase 14 (CASP14), which was unchanged after IL-13 stimulation of NSC shRNA-treated cells, was downregulated 2.6-fold in IL-13-treated cells depleted for BANCR. qPCR analysis further supported that loss of BANCR attenuates CASP14 expression, by 5.6-fold, following IL-13 treatment (Figure 5d ). 
DISCUSSION
In the present study, we used RNA sequencing to provide an expanded view of the transcriptional changes occurring within the inflamed esophageal mucosa of patients with EoE. Our data have demonstrated that a large proportion of the RNA sequencing profile (66% or 1028 transcripts) associated with EoE was not identified by traditional microarray analyses. Thus far, expression of non-coding RNAs and their role in EoE has been limited to microRNAs. [11] [12] [13] However, we show that Th2 cytokines (IL-13) are potent stimuli for lncRNA expression, implicating lncRNAs (for example, BANCR) as a novel class of non-coding RNA molecules involved in EoE.
The high degree of overlap of differentially expressed genes in EoE identified between the RNA sequencing and microarray indicates high reproducibility between the two methods; for instance, even when identical samples are analyzed by RNA sequencing and microarray, there is 81% concordance between the two methods. 7 Moreover, the number of overlapping genes also reflects the high conservation in the EoE transcriptome, which is even more impressive given that a different number of samples from different patients were analyzed. Importantly, the microarray analyses presented herein expand upon previously published data from our group investigating the EoE transcriptome by microarray profiling. 5 Here, we identified 870 dysregulated genes in EoE (374 upregulated, 496 downregulated), which was a 51% increase compared with our previous report 5 that identified 574 dysregulated genes (344 upregulated, 230 downregulated). A likely explanation for the increased total number of genes may be related to the increased number of samples analyzed (n ¼ 28 from the current microarray analysis compared with n ¼ 19 in our previous publication 5 ). The dynamic range of RNA sequencing has expanded the EoE transcriptome through detection of dysregulated genes expressed at levels below detection by microarray analysis. Indeed, the majority of the 1028 EoE transcriptome genes newly identified by RNA sequencing were modestly dysregulated in patients with EoE. For instance, 807 of these genes (78%) showed less than a threefold change with a median (interquartile range) expression level of 6.6 (3.4-16.2) FPKM. These findings reflect previous findings indicating that there is a greater correlation among the more highly expressed genes identified by both RNA sequencing and microarray. 7 However, the minor changes in gene expression of EoE transcriptome genes newly identified by RNA sequencing may have substantial roles in EoE, especially for genes that are critical to or act synergistically within biologically relevant pathways. For instance, an abundance of the newly identified EoE transcriptome genes that are expressed at low or nearundetectable levels in the uninflamed esophagus are enriched for cell-specific immune responses; CCL24 was most notable given its role in the eosinophil chemotaxis. Although CCL24 was not significant by microarray analysis, a significant increase or a generalized upward trend in CCL24 expression in EoE has been reported here and by other groups using alternative methods. 5, 14 Emerging data indicate a significant role for lncRNAs in diverse cellular processes ranging from growth and differentiation to apoptosis and inflammatory responses, [15] [16] [17] [18] and our RNA sequencing results support involvement of lncRNAs in EoE. Refining the human transcriptome through the GENCODE consortium has uncovered an abundance of lncRNAs (B14 880 unique transcripts) that are transcriptionally regulated and processed in similar fashions to coding RNAs. 16, 17, 19 LncRNAs can regulate gene expression through various cis or trans mechanisms, such as by scaffolding multiprotein complexes, mediating DNA-RNA interactions and acting as decoy receptors for microRNAs (reviewed in Mercer et al. 20 Wang and Chang 21 ). BANCR was originally identified as a BRAFinduced lncRNA associated with melanoma, in which suppressing BANCR induction attenuated CXCL11 expression and reduced melanocyte migration. 10 We demonstrate that BANCR suppression reduced the expression of CASP 14 mRNA in IL-13-treated esophageal epithelial cells. CASP14 was recently shown to be downregulated after suppression of another lncRNA termed terminal differentiation-induced non-coding RNA (TINCR). 22 TINCR was demonstrated to promote terminal differentiation of keratinocytes by stabilizing the mRNAs for genes necessary for epidermal differentiation (for example, filaggrin, loricrin) and for the processing of barrier peptides like CASP14. 22 Notably, esophageal epithelial differentiation 23 and barrier function 24 have been reported to be impaired in EoE.
In summary, RNA sequencing has provided greater resolution into the genome-wide transcriptional changes associated with EoE. These RNA sequencing studies, together with our biological data, demonstrate how previously uncharacterized or lowly expressed genes/molecules (for example, BANCR) can be involved in biologically relevant disease processes (for example, IL-13 signaling and inflammatory gene expression). It remains possible that lncRNAs such as BANCR may help in the diagnosis and monitoring of EoE and its disease activity. However, despite these advances in disease-associated transcriptomics, the full power of RNA sequencing in EoE remains untapped as further in-depth analysis of alternative splicing events, novel isoform expression and the effect of genetic variants on gene expression (that is, allele-specific expression) has yet to be explored.
MATERIALS AND METHODS
Cell lines
Primary esophageal epithelial cells were isolated and cultured as previously described. 23 cell line (EPC2; kindly provided by Dr Anil Rustgi, University of Pennsylvania, Philadelphia, PA, USA) were cultured as previously described. 25, 26 Patient demographics 
Microarray analyses
Microarray analysis of esophageal biopsies was performed by the CCHMC Gene Expression Microarray Core using the Affymetrix U133 Plus 2.0 array (Affymetrix, Santa Clara, CA, USA) as previously described. 5 In brief, RNA was isolated using the RNeasy kit (QIAGEN Incorporated) according to the manufacturer's protocol. For microarray analysis of BANCR or NSC shRNAtransduced cells, cells were treated with suboptimal doses of IL-13 (10 ng ml À 1 ) for 24 h in triplicate. RNA quality assessment, library preparation, hybridization to the GeneChip Human Gene 2.0 ST exon array (Affymetrix) and analyses were performed at the CCHMC Gene Expression Microarray Core. Data were normalized to the median of control/untreated samples, and statistical significance was determined using a Welch t-test with Benjamini-Hochberg false discovery rate (biopsies) or a two-way analysis of variance (BANCR shRNA) with a threshold of Po0.05 and a 2.0-(biopsies) or 1.5-fold (BANCR shRNA) cut-off filter in GeneSpring GX (Agilent Technologies Incorporated).
Silencing of BANCR by shRNA
Lentivirus production from the pGIPZ lentiviral plasmid (Thermo Scientific, Rockford, IL, USA) containing NSC shRNA or shRNA targeting BANCR 10 (kindly provided by Dr Paul Khavari, Stanford University, Stanford, CA, USA) was performed at the CCHMC Viral Vector Core facility. Stably transduced EPC2 cells were generated by negative selection in puromycin, which was maintained in the culture media throughout all experiments.
qPCR RNA from esophageal biopsies from the RNA sequencing cohort or separate case-control cohorts and RNA from primary esophageal epithelial cells or shRNA-transduced EPC2 cells were used for cDNA synthesis (iScript, BioRad, Hercules, CA, USA). qPCR analysis using SYBR Green was performed (BioRad). Primer sets used in this study are listed in Supplementary Table 1 . All data were normalized to the housekeeping gene GAPDH as previously described. 30 Normalized data from patient biopsies are presented as the mean ± interquartile range, and statistical analysis was performed using a Welch t-test (for two groups) or Kruskal-Wallis test with Dunn's multiple comparison test (for three groups) with a threshold of Po0.05. Normalized data derived from cultured cells are presented as mean±s.e.m., and statistical analysis was performed using a Welch t-test (for two groups) or Kruskal-Wallis test with Dunn's multiple comparison test (for three groups) with a threshold of Po0.05.
Bioinformatics
Clusters of low, medium and high-expressed EoE transcriptome genes from the RNA sequencing were assessed for GO and Coexpression Atlas enrichment using ToppGene. 31 Enriched terms were considered significant with Po0.05 after false discovery rate correction.
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